Background The survivorship of total elbow arthroplasties is lower than surgeons and patients would like it to be, especially in patients with posttraumatic arthritis of the elbow. To improve durability, it is important to understand the failure modes of existing implants. Total elbow arthroplasties were designed primarily for low-demand rheumatoid patients. As surgical indications have extended to more active patient populations, the mechanical performance of current designs must meet an increased mechanical burden. Evaluating the degree to which they do this will guide conclusions about which contemporary devices might still meet the need and, as importantly, what design and material changes might be needed to improve performance. Where Are We Now? The reasons for failures of total elbow arthroplasties include infection, loosening, polyethylene wear, locking mechanism failure, periprosthetic fracture, implant fracture, and instability. Implant design factors that have influenced wear include implant constraint, material, coatings, and metal backing. Surgical factors associated with increased wear and subsequent total elbow arthroplasty failure include soft tissue balancing and restoration of alignment and implant positioning. Where Do We Need to Go? A clear need exists for improving the performance of total elbow arthroplasty. Many of the failures that have limited the survivorship of elbow arthroplasties thus far are mechanical in nature with wear-related problems a dominating influence. Much of what we know about the results of total elbow arthroplasty is from small studies frequently involving the designer of the implant. The establishment of total elbow arthroplasty registries coupled with the increasing regulatory burden of postmarket surveillance would lead to a better understanding of the complications and survivorship of elbow arthroplasties. Another primary goal must be to achieve a better understanding of the biomechanics of the normal elbow and how the mechanics are altered after the insertion of elbow arthroplasty components. How Do We Get There? Improving the performance and survivorship of total elbow arthroplasty will require the integration of clinical and implant performance data gained through the establishment of registries with a concerted basic science effort to better understand the functional loads across the joint and to incorporate these loads into experimental and computational models to allow assessment of design and material changes intended to improve durability.
Introduction
Considerable effort has been expended in enhancing the performance of hip and knee arthroplasty over the past Each author certifies that he or she, or a member of his or her immediate family, has no funding or commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research 1 editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research 1 neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDAapproval status, of any drug or device prior to clinical use. M. P. Figgie 40 years. Steady improvements in implant designs and bearing materials, fixation methods, surgical techniques, and patient education and rehabilitation have all contributed to the success of these treatments. Much of the effort has gone into combating the problems of wear and tribocorrosion as reviewed in the publications from predecessors to the current Association of Bone and Joint Surgeons 1 Brighton Workshop [13, 42, 43] published in this issue of Clinical Orthopaedics and Related Research 1 .
However, much less is known about the impact of wear, tribocorrosion, and other mechanically related failure mechanisms in total elbow arthroplasty (TEA). Thus, we set out to answer two key questions. First, what is the survivorship of TEA, especially at long-term followup exceeding 10 years? Second, what implant, patient, and surgical factors are associated with lower survivorship values? The answers form the basis for describing the current status of elbow arthroplasty (eg, Where are we now?) and suggest where we need to go and the steps necessary to get there in our efforts to provide patients requiring elbow arthroplasty with better durability.
Where Are We Now?
TEAs fail as a result of infection, loosening, polyethylene wear, locking mechanism failure, periprosthetic fracture, implant fracture, and instability. Failures are often catastrophic; loss of bone stock and insufficient ligamentous structures make revision surgery a challenge ( Fig. 1 ). Revision is further hampered by poor bone quality in the presence of inflammatory arthritis and immunosuppressive medications.
TEA survivorship in the Scandinavian registry was 83% at 10 years in patients with rheumatoid arthritis; the Norwegian registry showed a similar 10-year survivorship of 85% [6, 35] . As expected, more active posttraumatic arthritis patients have a higher failure rate [6, 23, 30, 35, 38] . Besides diagnosis, other patient factors attributed to high failure rates include excessive deformity, instability, age, and activity level [3, 23, 30, 34] . In 41 patients with posttraumatic arthritis who underwent TEA with the Coonrad-Morrey implant (Zimmer, Warsaw, IN, USA), the revision rate at 7.5 years was 22% [30] . Five patients sustained fracture of the metallic ulnar component; two other patients required polyethylene bushing exchanges to correct excessive wear. The patients who had bushing exchanges all later experienced recurrent deformities.
Implant design factors that influence wear include implant constraint, material, coatings, and metal backing. [40] noted similar damage in all cases of failed Pritchard ERS implants revised for instability, some with dramatic asymmetric polyethylene wear through to the underlying metal. Similar catastrophic wear was reported on the ulnar components of the Kudo implant [22] . Early nonconstrained designs used all-polyethylene ulnar components, which often failed as a result of polyethylene fracture; later versions incorporated metal-backed components with improved clinical results [5, 16, 37] . Semiconstrained devices, eg, the Coonrad-Morrey, Triaxial (DePuy), and Solar (Stryker-Howmedica), also suffer from failure secondary to polyethylene wear ( Fig. 2A-B ; Table 1 ). The Triaxial, which had a snap-fit articulation, had late dislocations secondary to wear [8] . Patil et al. [24] reported two of 13 Solar TEAs revised for bushing wear. Bushing wear of the Coonrad-Morrey has been widely reported; as bushings wear, varus-valgus ROM increases until eventually revision surgery is required. In 78 arthroplasties performed for rheumatoid arthritis, 11 bushings (15%) were worn at an average 8.4-year followup [11] . In a much larger review of 919 Coonrad-Morrey TEAs, the revision rate for bushing wear was 1.3% at an average 8 years followup [21] .
Goldberg et al. [12] examined 16 retrieved Coonrad-Morrey elbows; all but one of the humeral bushings exhibited asymmetrical thinning, whereas all but one of the ulnar bushings showed elliptical plastic deformation. Unintended wear between the bearing surface and a nonbearing surface occurred in 54% of the cases, and metal-on-metal wear was observed in 62%. Third-body bone cement or metal debris usually contributed to bearing surface wear.
Alterations to fixation surfaces were made to enhance fixation. When the original sintered metallic bead-coated Coonrad-Morrey components were compared with an alternate design with cement precoating, survival at 7 years dropped from 93% to 83% [17] . The cause of the premature failures remains elusive, but like with precoated THAs, precoat debonding and the generation of a large burden of PMMA and metallic debris are likely factors. When the coating was altered again to a plasma-sprayed metallic coating, the survival remained at 100% at 7 years.
Fractured stems in TEAs have been reported at an alarming rate ( Fig. 3A-B ; Table 2 ). The Kudo Type 4 design had six fractures in 44 implants (14%) in one study [26] , and five fractures in 32 implants (16%) were reported by the designer himself [18] . Failure rates in other designs are lower; for example, a study of the Solar design reported one fracture in 13 implants [24] . The occurrence of a fracture is affected by stem size and shape, patient factors (higher rates are reported in posttraumatic compared with rheumatoid patients [1, 11, 30, 38] ), notch sensitivity of titanium alloy, and the large cyclic loads and large numbers of load cycles applied to the elbow.
Failures of the locking mechanisms that link ulnar and humeral components in semiconstrained TEAs have also been reported ( Fig. 4 ) with rates as high as 5.3% by 5.5 years [9] and 9.8% at 13.5 years [14] . These failures have been attributed to posttraumatic arthritis, young age, males, high physical demand, and deficient humeral condyles [44] .
Metallosis secondary to metallic debris generated from implant fracture surfaces or unintended metal-on-metal wear has been reported across several designs [4, 9, 18, 21, 26, 29, 32] . In the report by Kudo et al. [19] on the five cases revised for stem fracture, all had accompanying metallosis. In a study of metallosis in revision TEA, 10 of 11 nonconstrained implants had unintended metal-on-metal wear [4] . In the Coonrad-Morrey implant, metallosis was noted in 10 of 12 revised for bushing failure and three of five revised for locking mechanism failure [21, 32] . In the study by Goldberg et al. [12] , 10 of 16 retrieved Coonrad-Morrey implants had metallosis including four cases with fractured fixation stems. Surgical factors associated with TEA failure include poor soft tissue balancing and failure to restore alignment [2, 7, 31] . Inadequate humeral positioning was directly related to implant loosening in a study of the Souter-Strathclyde implant [33] , and the most important reasons for failure were related to incongruity and poor alignment that led to early wear and instability in Pritchard ERS implants [40] .
Where Do We Need to Go?
A clear need exists to improve the performance of TEA. Many of the failures that have limited the survivorship of elbow arthroplasties thus far are mechanical in nature with wear-related problems a dominating influence. Even the patient and surgical factors that influence treatment outcome such as diagnosis and component alignment appear to do so by their influence on the mechanical burdens and hence the susceptibility for polyethylene and metal wear.
Much of what we know about the results of TEA is from small studies frequently involving the designer of the implant. The establishment of TEA registries coupled with the increasing regulatory burden of postmarket surveillance would lead to a better understanding of the complications and survivorship of elbow arthroplasties.
National and institutional registries provide important information, but most (like that of the United Kingdom) are in their infancy, and the more longstanding registries thus far encompass only small numbers of cases [25] . The primary outcome of most joint arthroplasty registries is revision surgery; this is usually necessitated by cost because collecting more information on such large numbers of surgeries as are included in hip and knee arthroplasty becomes prohibitive. However, for smaller patient populations such as in TEA, the emphasis should be in collecting not just implant information (eg, what device was implanted and when, if ever, was it revised?), but also information on perioperative and longer-term complications and patient-reported outcomes (eg, pain, satisfaction, function) so that these important measures of clinical success or failure can be related to implant design and surgical technique.
Another primary goal must be to achieve a better understanding of the biomechanics of the normal elbow and how the mechanics are altered after the insertion of elbow arthroplasty components. Reliable data on loads [2] demonstrated that implant malpositioning influenced loading and potentially contributed to wear and loosening; however, collateral ligaments were sacrificed in this study, so the important contributions from the soft tissues were ignored. Similarly, sparse finite element analysis and in vivo kinematic data exist for elbow activities [10, 36, 39, 41] . More information might help us better understand implant performance and provide input data for computational models of the elbow through which muscle and joint loads could be calculated. Stokdijk et al. [36] described a method for determining the optimal elbow axis using an electromagnetic tracking device. van der Lugt [39] reported on migration patterns of Souter-Strathclyde humeral components using radiostereometric analysis. Fluoroscopic imaging was used to evaluate in vivo threedimensional elbow motion in 12 patients who had received 15 Osaka (Finsbury Orthopaedics, Surrey, UK) nonconstrained elbow arthroplasties [10] . Relative positions between humeral and ulnar components showed extremely wide variation among patients throughout elbow flexion. Excessive valgus angle and internal rotation of the components led to edge loading that could lead to increased wear. Furthermore, in such a nonconstrained device, these angulations would decrease the contact area across the articular surfaces, thus reducing the ability of these surfaces to provide constraint. Thus, the elbow would be at higher risk for instability and, with the accompanying increase in contact stress, predisposed to suffer polyethylene wear. These types of studies point to the importance of establishing and maintaining levels of constraint. However, competing goals exist: namely, to provide constraint while not leading to excessive wear and deformation of the bearing surfaces that in turn creates the dual problems of excessive wear debris as well as instability. These competing goals have not been reached as yet for elbow arthroplasty and are further hampered by both simple limitations (the size of the elbow and hence the size of the bearing surfaces are much smaller than in knee, hip, and shoulder arthroplasties) and by more complicated limitations like the lack of functional activity data in the form of kinematics and load data for the elbow.
The question as to how much constraint a device should provide must be tailored to the patient's needs and the surgeon's ability to assess the state of the joint and to preserve important soft tissue structures that provide secondary stabilizing loads during functional activities. Although semiconstrained devices may be unnecessary in the presence of adequate and balanced soft tissues across the joint, little objective data exist to guide surgeon choice, either in terms of comparative data among available devices as to their stability under realistic load scenarios or clear ways for interpreting how such data can best be used in making the correct choice for the patient.
How Do We Get There?
Improving the performance of TEA with the goal of limiting wear and instability problems secondary to polyethylene damage and unintended metal-on-metal wear will require an integrated approach combining clinical and translational research. Clinical research might be best focused on multicenter studies. Although difficulties can arise in pooling data, such efforts would allow more thorough assessment of key factors that have emerged from smaller, low level of evidence studies. Such an approach was recently taken for TKA in patients with juvenile idiopathic arthritis, for which a better measure of survivability and functional outcomes emerged than would have been possible using the data from one center alone [15] . Longitudinal clinical studies performed this way are also necessary. For example, one might expect increased rates of instability over time with polyethylene wear in nonconstrained implants, but to our knowledge, no such evaluation has been done. The results of such a study would not only inform surgeons of the expected behavior of nonconstrained implants over time, but also provide important data that could be used in improving the design of these types of implants. Translational research studies should aim to measure loads across the elbow and elbow kinematics for a spectrum of daily activities and in both normal individuals and patients with elbow arthroplasties. Instrumented prostheses to provide in vivo joint load data combined with computational models to determine muscle and joint reaction loads can serve as valuable inputs to stress analyses aimed at understanding how wear and fixation are influenced by implant design and materials. More kinematics studies of the type performed by Futai et al. [10] using fluoroscopy to understand kinematics would provide additional complementary data for this research.
Performance of elbow arthroplasty can be improved by understanding which factors, biomechanical, patient, and surgical, most influence failure mechanisms in contemporary elbow arthroplasty devices. This approach has proven successful in providing the basis for rational solutions to similar problems in knee and hip arthroplasty by combining biomechanical analyses with clinical evidence of failure modes. A similar approach should work in elbow arthroplasty, because the most prevalent failure modesaseptic loosening of fixation stems, excessive polyethylene wear, and periprosthetic osteolysis-all suggest that biomechanical factors play a dominant role. In the case of elbow arthroplasty, however, a comprehensive failure analysis is hampered by the lack of meaningful observations of clinical failures and limited information as to the loads occurring across the elbow as patients undergoing elbow arthroplasty go about their daily activities. These limitations must be overcome by determining how biomechanical, patient, and surgical factors affect implant performance in TEA.
